Until recently, the determination of metallic elements concentrations in normal skin, in vivo, was rare due to the lack of non-invasive techniques. Microdialysis has the advantage of being slightly invasive when applied to the collection in vivo of endogenous or exogenous substances from the skin.
Iron is involved in several cutaneous diseases such as psoriasis vulgaris, 1) atopic eczema 2) and porphyria cutanea tarda. 3) However, most iron studies have been carried out on biopsies from volunteers or on cadaver skin. 4, 5) Due to the invasive character of biopsies, there were few reports on iron concentration in human skin in vivo. In this work, a microdialysis system which causes minimal tissue damage and no physical alteration 6) was chosen for sampling iron from human dermis. This technique offers the advantage of avoiding extraction, rinsing and preparation of the samples, which could increase the risk of contamination or iron loss. Until now, microdialysis was applied to monitor iron in different tissues such as liver, 7) brain 8) and spinal cord, 9, 10) but it has never been used to determine the iron concentration in human skin ex vivo. Thus, in this work, microdialysis was employed to assess iron in human dermis. Iron sampling was performed by placing a tubular microdialysis membrane in the dermis parallel to the skin surface (Fig. 1 ). The dialysates obtained by microdialysis were analysed by electrothermal atomic absorption spectrometry (AAS). Iron recovery was determined in vitro as well as ex vivo. A calibration method, the No Net Flux, was used to assess the basal iron concentrations in the dermis.
The purpose of this ex vivo work was to demonstrate the ability of the microdialysis technique to remove iron from human dermis and to assess its concentration. This investigation is a first step before determining iron concentrations, in vivo, in human dermis.
MATERIALS AND METHODS
Chemical Products Iron (solution stock standard, 1 g/l) and HNO 3 (99%) were purchased from Prolabo (Paris, France).
Iron Sampling by Microdialysis
(1) Microdialysis System ( Fig. 1) The microdialysis system consisted of a CMA/100 ® syringe pump (Phymep, Paris, France), which delivered solvent and a CMA/140 ® microfraction collector. The microdialysis probes (CMA/20 ® ) had a 20 kDa cut off with a polycarbonate membrane (length 10 mm). As this work was done to establish an experimental protocol applicable ex vivo as well as in vivo, the microdialysis probes were sterilized by ethylene oxide.
(2) Determination of Iron Recovery (i) In Vitro Iron Relative Recovery Relative Recovery (RR): This method involves continuously perfusing a phys-iological fluid, i.e. Ringer solution or ultrapure water, which creates a concentration gradient along the dialysis membrane. The compounds diffuse through the membrane from the interstitial fluid to the perfusate or from the perfusate to the interstitial fluid. The outlet perfusate is collected in microtubes. The principal diffusion parameter is expressed by an RR which is the ratio between the concentration in the dialysate (C out ) and the concentration in the medium surrounding the probe (C in ). This relation is represented in the following equation:
In our investigation, in vitro recovery experiments were conducted with probes placed in a vial containing an iron aqueous solution of 100 mg/l and perfused with ultrapure water at a flow rate of 3 ml/min. This flow rate was considered optimal by Mary et al. 11) Samples were collected every hour for a period of 10 h.
No Net Flux Method (NNF): This technique is based on the fact that the direction of the diffusion across the microdialysis membrane follows the concentration gradient. 11) If the substance concentration in the perfusate (C in ) is greater than that in the medium (C out ), a loss occurs. If the molecule concentration in the perfusate is less than the amount in the vial, there is a gain. The net flux (C in ϪC out ) is plotted against C in and a linear relationship is established. When the substance levels inside and outside the membrane are equal, there is no net diffusion of the molecule out of or into the microdialysis probes. This concentration is the point of No Net Flux. The x-intercept is the actual sample level and the slope depicts the recovery. 12) (Fig. 2) .
In this work, six probes were perfused with different aqueous solutions with increasing iron concentrations (4.8, 9.4, 18.7, 37.5, 150, 300 mg/l) at a constant flow rate of 3 ml/min.
(ii) Ex vivo Iron Relative Recovery As ex vivo recovery could differ from in vitro recovery, the ex vivo recovery of iron was established using the NNF method. Microdialysis probes were inserted into abdominoplastic skin fragments and were perfused with different aqueous solutions with increasing iron concentrations (4.8, 9.4, 18.7, 37 .5, 150, 300 mg/l). A linear relationship was established and the iron recovery was represented by the slope; the iron concentration in the medium was characterized by its interception with the x-axis ( Fig. 2 ).
Basal Iron Concentration in Human Dermis: To determine the basal iron concentration, three probes were inserted into abdominoplastic skin fragments (10 cm 2 (surface)ϫ2.5Ϯ 0.2 cm (thickness)) just after their excision. The perfusion media (ultrapure water) and pumping flow rate (3 ml/min) were the same as described above. Samples were collected every hour for a period of 10 h.
Iron Dermis Concentrations in Abdominal Skin Fragments
The procedure adopted for determining iron in skin fragments was previously performed by Bissett. 13) Briefly, it consisted of heating abdominal skin fragments to 60°C for one to two minutes, and epidermis and dermis were then separated by peeling the epidermis from the skin samples where hypodermis was already eliminated. Isolated dermis was washed briefly with distilled water, blotted dry, freeze-dried and weighed. Samples (0.41Ϯ0.10 g of skin) were mineralized (Buchi B-426) by heating for 15 minutes at 210°C in 10 : 1 (v/v) nitric acid: 70% perchloric acid (20 ml of the acidic solution). Ten microliters of the mineralized solution was added to 10 ml of ultrapure water. Samples were kept refrigerated until analysed.
Microdialysate and Mineralized Sample Analysis by Atomic Absorption Spectrometry Iron concentrations were assessed using a Hitachi Z9000 electrothermal atomic absorption spectrometer (AAS) cathode lamp at 248 nm. Standard solutions (up to 20 mg/l for microdialysate studies, and up to 100 mg/l for mineralized samples) were prepared by diluting a 1 g/l iron solution with 1% HNO 3 solution. 13) Samples were prepared by adding 300 ml of 1% HNO 3 solution to 300 ml of microdialysates or 300 ml of 1% HNO 3 solution to 15 ml of mineralized solution. Twenty microliters (microdialysate studies) or 40 ml (skin biopsy studies) was injected into the apparatus.
Statistics First order least squares regression was used to calculate the slope and the intercept values for the No Net Flux method.
Recovery in vitro and ex vivo values from the No Net Flux method were analysed using the Mann-Whitney test.
RESULTS AND DISCUSSION
In Vitro Iron Relative Recovery The in vitro relative recovery (RR) from 100 mg/l solution of iron is represented in Fig. 3 . Within 2 hours after the beginning of the experiment, iron recovery values reached a steady state, 28.5Ϯ2.7% (meanϮSD, nϭ11) calculated by the previous equation. Thus for an in vivo experiment, the collection of microdialysates could be reduced to 5 or 6 h.
The calibration method, No Net Flux, was used to confirm iron relative recovery results. According to the physical and chemical properties of the molecule, this process could be valid or not. 14, 15) Thus, in order to be sure that the NNF method can be employed to determine ex vivo iron recovery, it was first used in vitro. The iron RR assessed by the NNF 
. No Net Flux Method
This method is based on the fact that the direction of the diffusion across the microdialysis membrane follows the concentration gradient. C in represents the varying perfusate concentration and C out the dialysate concentration. The net flux (C in ϪC out ) is plotted against C in and a linear relationship is established. When C in and C out are equal, there is no net diffusion through the microdialysis probe. This concentration is the point of No Net Flux and represents the actual molecule concentration in the tissue. procedure was 27.2Ϯ1.7% (Fig. 4) (meanϮS.D., nϭ6) . This value was determined 10 h after the beginning of the probe perfusion. The in vitro iron relative recovery could be considered similar to the first in vitro calibration method as there was only a 5% difference. The Mann-Whitney test revealed no significant differences (pϭ0.14) in respect to values relative to each method employed (in vitro and NNF).
Ex Vivo Microdialysis Recovery Studies Zetterstrom et al. 16) used the relative recovery obtained in vitro to estimate ex vivo purine concentrations. However, several reports have clearly demonstrated that recovery in vitro differs from ex vivo recovery, mainly due to the altered diffusion characteristics in the tissue. 17) A determination of ex vivo relative recovery was needed using the NNF method because in vitro and ex vivo recovery might differ. 18, 19) Table 1 shows the regres-sion line obtained from experiments with six different human skin fragments. The mean recovery, expressed as the slope of the regression line, was 25.9Ϯ4% (meanϮS.D., nϭ6). The ex vivo RR value was subsequently used to calculate the absolute iron concentration in the dermal interstitial fluid. In our case, there was no statistical difference between the ex vivo RR value determined by the NNF method and the in vitro RR (Mann-Whitney test, pϭ0.32) . Studies) The basal iron concentration was determined in six human dermis samples. Three probes were inserted in each skin fragment. Basal iron levels in the dermis, after correction with ex vivo relative recovery, ranged from 3.6 to 7.7 mg/l ( Table 2) . These values were determined after 10 h, when the steady state had been reached. Due to the cut off of microdialysis probes, only free iron and low molecular weight iron 9) could be determined by this technique.
Assessment of Iron Concentrations in Microdialysates from Human Dermis (Ex Vivo
Assessment of Iron Concentration in Human Skin Fragments Basal iron concentrations in human fragments ranged from 7.9 to 12.9 mg/g of dry skin (Table 3 ). Our values were in a good agreement with the results of Gorodetsky et al. 20) (Table 3) . Thus, AAS appeared to be an accurate tool to assess iron concentrations in human dermis tissues.
In this work, microdialysis associated with atomic absorption spectrometry was successfully used to assess basal iron concentrations in human dermis. Our results showed no significant difference between in vitro iron RR (26.6%, Fig. 3 ) and ex vivo iron RR (25.9%, Fig. 4 ) determined using the 12 Vol. 24, No. 1 
Fig. 4. In Vitro Recovery Determination Using No Net Flux Method
Six human skin fragments were employed. C in is iron concentrations in the perfusion fluid and C out represented iron levels in dialysate. Values represented meanϮS.D. for six pieces of data at each concentration. Six human skin fragments were studied. The slope of the six regression lines, obtained from five points, gave the iron recovery values. NNF method. Iron recovery obtained by this method may be influenced by the perfusion rate 11) and by the probe sterilization procedure. The aim of this work was to establish an experimental protocol applicable ex vivo as well in vivo. To work in vivo, microdialysis probes must be sterilized. In previous research, Buttler et al. 21) observed a decreased relative recovery after heat treatment of the membranes. In our case, an ethylene oxide sterilization procedure of the polycarbonate membrane decreased the recovery ( Table 4 ). The lower iron RR of the probes after sterilization could be due to some alterations during this procedure. Using a scanning electron microscope, Torto et al. 22) showed that the pore size of a polysulphone microdialysis membrane decreased after a sterilization procedure. We assumed that an ethylene oxide treatment also affected the pore size. Farquharson and Bradley 23) described a non-invasive method, K-shell x-ray fluorescence (XRF), to determine trace elements in external tissues. However, this technique involves the utilisation of radioactive substances. In addition, according to these authors the analysis time was about 20 minutes. In our work, microdialysis, a simple technique, was used to directly collect iron samples from human dermis. This technique offers the advantage of being non-invasive, 6) contrary to punch biopsies and surgical procedures. In addition, iron collected using this technique was isolated in the buffer solution and consequently no extraction was needed. 24) AAS is one of the most widely used methods for the determination of trace elements in biological fluids due to its reliability, sensitivity and relative low cost. 25) The major limitation of this technique is its poor multi-element capability contrary to the extremely sensitive ICP-MS technique. 26) However, as the aim of this work was only to quantify iron in human dermis, AAS was proved to be a simple, rapid, sensitive and selective technique to determine iron concentrations in tissues.
This ex vivo work seems to be promising for future in vivo dermatological investigations. The results demonstrate that microdialysis is a powerful tool to sample iron from human dermis and that AAS is a sensitive technique with which it is possible to assess iron levels in this tissue.
